fluid in contact with the sample (6).
We investigated crack healing and sealing rates and associated permeability changes as a function of temperature (7); parameters such as confining and fluid pressure, differential stress, rock-to-water ratio, and especially fluid chemistry will be varied in future experiments. The experiments here were run at temperatures between 300? and 500?C (Table 1) , with confining and pore pressures kept constant at 150 MPa and 100 MPa, respectively. Duplicate experiments showed excellent repeatability of the results. Deionized water was the starting pore fluid (6). Most of the experiments were conducted on intact cylinders of Westerly granite, but we also tested two configurations at 400?C that are of significance to fault zones. One configuration consists of a layer of granite gouge (8) sandwiched between granite end pieces used to determine the effect of fault gouge on the rate of permeability change. The other sample was fractured in tension parallel to the axis of the cylinder, simulating the fractured country rock adjacent to a fault zone.
For the intact and sandwich samples, we determined permeability, k (in square meters), by measuring the flow rate at intervals over the constant pore-pressure drop of 2.0 MPa, assuming that Darcy's law holds (9). In the case of the fractured sample, resistance to flow was calculated in terms of the parameter X (in cubic meters) (9). The room-temperature permeability of intact Westerly granite at an effective pressure of 50 MPa is in the range of 5 X 10-20 to 1 X 10-19 m2 (10). The initial heated permeability values (Table 1) in our experiments were higher than this room-temperature range because of thermal cracking accompanying heating (11) . The amount of increase among the intact samples varied roughly linearly with temperature (Table  1) , consistent with the changes in permeability predicted from the physical properties of Westerly granite at elevated temperatures and pressures (12). Permeability decreased over time in all experiments. For most of the intact-rock experiments (Fig.  1) , the rate of decrease was rapid for the first 1 to 2 days after heating but subsequently dropped to a uniform rate that in most cases continued until the end of the experiment. In contrast, both of the experiments at 500?C (Fig. ID) were characterized by a rapid decrease in k after 5 to 6 days. The final permeability measurement of 500i-2 was roughly three orders of magnitude below the initial heated value, and flow through the sample had in effect ceased. Experiment 500i-1 differed somewhat in that, after decreasing to 2 X 10-21 mi2, the permeability partly recovered to 3 X 10-20 M2. The cause of the rapid decline in k at 500?C has not yet been determined.
Overall, the rate of permeability reduction increased with increasing temperature in the examined range, but with some reversals. For example, k decreased somewhat more rapidly at 400?C than at 450?C, as indicated by the different slopes (Fig. IC) . The data from both experiments at 300?C also have steeper slopes than the nearly flat was fit by least-square methods to the uniform part of each intact rock experiment in Fig. 1 (14) . For consistency, the data from the first 2.0 days of each experiment were excluded from the calculations. The rapidly decreasing permeability values at the ends of experiments 500i-1 and 500i-2 also were omitted. The calculated values of r (?2 SD) are listed in Table 1 (Table 1) , the permeability of sandwich sample 400s remained higher than that of intact sample 400i throughout the experiments (Fig. 3A) . The overall rate of permeability change during experiment 400s also differed from those of the other intact rock experiments. For the first 10 to 12 days, permeability decreased more rapidly in the gouge-bearing sample than in the intact sample, although the final rates of permeability decrease for experiments 400s and 400i were similar.
Flow through the fractured sample 400f was initially rapid, and for the first few days only a small pore-pressure gradient could be maintained across the sample at the maximum flow rate of the pump ( Table 2) . Values of X were fairly constant for the first 10 days of the experiment (Fig. 3B) . Subsequently, however, the differential pore pressure first increased to the 2.0-MPa set point, and then the flow rates measured over the 2.0-MPa pore-pressure drop began to decrease rapidly. By day 17, X had decreased nearly three orders of magnitude, such that the rate of fluid flow was at the level of the intact sample 400i. In Table 2 , the final permeability measurement is calculated in terms of k as well as X; the value of k is consistent with the 3.2 X 10-20 to 3.8 X 10-20 m2 range of k obtained during day 28 of experiment 400i (Fig. 3A) .
Petrographic investigation of the causes of permeability change is currently underway (6). However, the fractured sample (400f) is briefly described here as an illustration of the processes leading to the permeability reductions. Scanning electron microscope (SEM) examination of the separated fracture surfaces revealed widespread evidence of mineral dissolution and precipitation (Fig. 4) . The feldspar and especially the quartz surfaces were rounded by dissolution, and some quartz and K-feldspar crys- filled (2, 15) . The plagioclase (Ab80An20) that dissolved took part in metamorphic reactions. The sodic component of the plagioclase precipitated as albite (Ab96An1Or3) (Fig. 4) , whereas the calcic component combined with other elements to form phases such as a possible actinolitic amphibole.
The changing rate of permeability decrease for the gouge-bearing sample (Fig.  3A) can be explained in terms of the solubilities of some of the gouge materials. Grinding minerals such as quartz to a fine powder creates surface layers of disordered or amorphous material (16) with higher solubilities than that of the undamaged mineral (17) . Dissolution of these materials temporarily raises solution concentrations above equilibrium values. In addition, as reviewed by Iler (18), the equilibrium solubility of convex grains of quartz increases markedly with decreasing radius below about 5 nm. The smallest grains therefore dissolve preferentially, and the excess silica in solution is redeposited elsewhere in the sample. The disordered and ultra-fine materials may have been removed from the sample in the first few days of the experiment, leading to the higher initial rates of permeability decrease. Thereafter, the rate declined to the level of intact rock. The high solubility and preferential loss of fines rounding rock (4, 19, 20) .
The right-hand vertical axis in Fig. 2 shows the values of r from Eq. 1 in units of years-1. If the steady exponential decay of permeability in Fig. 1 can be extrapolated, permeability at 400? to 500?C could be reduced by several orders of magnitude in 1 year. The predicted 500?C reductions do not even include the rapid permeability drops at the ends of those experiments (Fig.  1D) . These higher temperature results suggest that a well-connected crack network may be impossible to maintain for any appreciable length of time in deeply buried granitic rock, at least in stable cratonic areas. Such a suggestion is consistent with the conclusion derived from geochemical studies that pore waters in the crystalline basement rocks of the Canadian shield are confined to hydrologically isolated pockets (21). At the low-temperature end of Fig. 2 , permeability is predicted to decrease by roughly three orders of magnitude within a single year at 300?C, but the yearly decrease at 350?C would be at most about one order of magnitude and possibly substantially less.
The formation of impermeable mineral seals has been invoked at various depths in and around faults. To play an effective role in the earthquake cycle, a seal must be created in less time than the earthquake recurrence interval of a given fault or fault segment, because the seal is likely destroyed by the fracturing and crushing that accompany an earthquake. Our higher temperature results are consistent with the rapid development of impermeable barriers at the base of the seismogenic zone, in accordance with the fault-valve model of Sibson and his colleagues (22) . Our lower temperature data provide less conclusive support for models requiring seals at shallower depths in fault zones such as the San Andreas (4, 19, 20) , where earthquake recurrence times of 50 to 300 years have been proposed (23). The permeability reduction rates of the experiments at 300?C support the possibility that such seals can develop within the time constraints, but the data at 350?C suggest considerably slower sealing rates. These conflicting results may preclude extrapolation of our data to the lower temperatures of interest for the San Andreas fault, particularly because the mineral reactions should be different. Because of this uncertainty, long-term permeability experiments at lower temperatures are required to obtain an accurate picture of sealing rates at shallow depths in fault zones. Our results do suggest, however, that the generation of fault gouge should enhance the initial sealing rates at any depth within a fault. In addition, the relatively high permeability of fractures may also be readily reduced by mineral deposition.
